Input comparison is thought to occur in many neuronal circuits, including the hippocampus, where functionally important interactions between the Schaffer collateral and perforant pathways have been hypothesized. We investigated this idea using multisite, whole-cell recordings and Ca 2+ imaging and found that properly timed, repetitive stimulation of both pathways results in the generation of large plateau potentials in distal dendrites of CA1 pyramidal neurons. These dendritic plateau potentials produce widespread Ca 2+ influx, large after-depolarizations, burst firing output, and long-term potentiation of perforant path synapses. Plateau duration is directly related to the strength and temporal overlap of pathway activation and involves back-propagating action potentials and both NMDA receptors and voltage-gated Ca 2+ channels. Thus, the occurrence of highly correlated SC and PP input to CA1 is signaled by a dramatic change in output mode and an increase in input efficacy, all induced by a large plateau potential in the distal dendrites of CA1 pyramidal neurons.
INTRODUCTION
CA1 pyramidal neurons of the dorsal hippocampus receive synaptic input from several sources. The numerically largest input is from area CA3 via the Schaffer collaterals (SC) that form tens of thousands of inputs on the more proximal apical and basal dendritic arbors Larkman, 1995a, 1995b; Megias et al., 2001) . These neurons also receive several thousand inputs from entorhinal cortex layer III pyramidal neurons that form perforant path (PP) synapses onto their most distal apical dendritic tuft regions (Megias et al., 2001; Steward and Scoville, 1976) . Thus, CA1 pyramidal neurons receive both direct and indirect input from grid cells located in the superficial layers of the entorhinal cortex (Brun et al., 2008) . Despite the fact that the direct PP inputs are spatially segregated from the indirect SC input, a multiplicative interaction between these inputs has been hypothesized to underlie several important hippocampal functions, including context-dependent sequence retrieval and novelty detection (Hasselmo and Eichenbaum, 2005; Lisman and Grace, 2005) . Furthermore, this network operation mediates a type of input comparison that is a common feature of a variety of theoretical neuronal circuit models (Dave and Margoliash, 2000; Kleinfeld et al., 1999; Patil and Hasselmo, 1999) .
Several recent studies have reported that interaction between PP and SC inputs results in a variety of cellular or network phenomena that include modifications in synaptic plasticity, enhanced forward propagation of distal dendritic Na + spikes, and alterations in inhibitory input (Remondes and Schuman, 2002; Dudman et al., 2007; Jarsky et al., 2005; Dvorak-Carbone and Schuman, 1999; Ang et al., 2005) . We hypothesized that, along with these phenomena, the coactivation of the two major input pathways to CA1 pyramidal neurons might generate a unique electrical signal that distinctively indicates properly correlated input from these pathways. Indeed, the distal dendrites of several pyramidal neurons, including CA1 pyramidal cells, have been shown to possess nonlinear spiking mechanisms that could potentially provide a strong mechanism for multiplicative input interactions (Magee and Carruth, 1999; Larkum et al., 1999; Wei et al., 2001; Perez-Garci, et al., 2006; Tsay et al., 2007) . One of these dendritic nonlinearities is a long-lasting Ca 2+ -dependent plateau potential that is usually reported to involve voltage-gated Ca 2+ channels as well as an NMDAR component (Schiller et al., 1997) . Importantly, the dendritic plateau potential produces an after-depolarization in the soma/axon region that shifts the mode of action potential output from single spiking to a burst firing form in both CA1 and neocortical pyramidal neurons (Magee and Carruth, 1999; Larkum et al., 1999 ).
Here we have used multisite whole-cell patch clamp recordings from hippocampal CA1 pyramidal neurons along with Ca 2+ imaging techniques to examine the nonlinear interactions produced by coactivation of SC and PP input. We observed that coincident activation of both SC and PP input does indeed generate long-lasting dendritic plateau potentials, the magnitude of which could not be produced by proportionate stimulation of either of the inputs alone. The unique ionic mechanisms of this dendritic nonlinearity were determined, and we further explored the impact of dendritic plateau generation on action potential output mode and on long-term potentiation (LTP) of PP synapses. Functionally, it appears that the dendritic plateau potential initiated by properly correlated SC and PP input is well suited to provide CA1 pyramidal neurons with both a distinctive internal signal as well as a notable shift in the output mode, via burst firing. These properties may prove to be important for selective sequence storage and retrieval as well as novelty detection in CA1 pyramidal neurons.
RESULTS

Coincident Pathway Activation Generates Dendritic Plateau Potentials
We repetitively activated either PP alone, SC alone, or both simultaneously in a manner that coarsely mimics synaptic input during exploratory theta (5-10 Hz) activity (one stimulus sequence was composed of five trains of five stimuli given at 100 Hz with a 200 ms interval between trains; Figure 1 ). The activation of isolated SC or PP inputs was set to produce single EPSPs of amplitude less than 4 mV at the distal dendritic trunk, while the repetitive 100 Hz train activation produced summated EPSPs of 10-15 mV at the distal trunk (SC, 16.0 ± 1.6 mV; PP, 10.2 ± 1 mV; n = 7). This level of input was either subthreshold or initiated only modest action potential (AP) output from the soma/axon (<5 APs total; Figure 1 ). When suprathreshold, the amplitude of the resulting backpropagating action potentials (bAPs) and associated Ca 2+ influx was small in the distal tuft regions (27.7 ± 5.4 mV; 2.9% ± 1.0% DF/F; n = 7; Figure 1 ; see also Figure S1 available online). This moderate amplitude single pathway synaptic stimulation was also paired with simultaneous dendritic current injection (250 pA produced 15.8 ± 0.2 mV depolarization; n = 7) intended to approximate the level of depolarization produced by the stimulation of a single synaptic pathway (either SC or PP) . This in effect doubled the amplitude of the synaptic input, increasing the number of evoked APs (2.2 ± 0.24 in SC versus 4.4 ± 0.2 in SC+Depol; 0.1 ± 0.01 in PP versus 3.1 ± 0.5 in PP+Depol; n = 7) and the amplitudes of both the bAPs (SC+Depol, 65.0 ± 2.1 mV; PP+Depol, 65.3 ± 3.2 mV; n = 7) and associated Ca 2+ influx significantly (SC+Depol, 32.3% ± 4.1% DF/F; PP+Depol, 47.9% ± 9.2% DF/F; n = 7; Figure 1 ; Figure S1 ). This combined dendritic depolarization and moderate single pathway stimuli, particularly in the case of PP stimulation, evoked short duration dendritic plateau potentials (57.0 ± 9.3 ms; n = 7) and brief burst firing from the soma/axon (Figure 1) . Finally, the simultaneous stimulation of both input pathways at moderate levels consistently lead to the induction of large-amplitude, long-duration dendritic plateau potentials that were associated with a markedly elevated dendritic Ca 2+ influx (66.0 ± 1.6 mV; 73.6 ± 10.1 ms;
71.1% ± 7.5% DF/F; n = 7) and high-frequency AP bursting from the soma/axon (Figure 1) . Remarkably, the probability of plateau initiation (0.05, 0.77, and 0.97 for first, third, and fifth trains, respectively), plateau duration and associated Ca 2+ influx all increased progressively during the stimulation sequence, and
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Dendritic Processing and Storage of Distal Input this effect was more prominent in the combined synaptic stimulation than in the single pathway plus depolarization stimulations ( Figures 1C and 1D ). These data indicate that the distal dendrites of CA1 pyramidal neurons supralinearly summate moderate levels of SC and PP input through the generation of a large, prolonged plateau potential. The probability of this nonlinear pathway interaction and its magnitude increased with repetitive stimulation and was most pronounced during the combination of actual synaptic input as opposed to simple dendritic depolarization. Very large magnitude, strongly suprathreshold stimulation of only the PP was required to induce comparable tuft plateau potentials through isolated PP activation (single EPSP amplitude elevated 2.6 ± 0.4 fold; 12 ± 2 APs/train; N = 5). While simultaneous activity in the SC and PP pathways was very effective in producing distal plateau potentials, we also wanted to examine the impact of temporally dispersing the different inputs as this should more accurately mimic the naturally occurring in vivo pattern (Yeckel and Berger, 1990) . We did so by first stimulating the PP input (5@100 Hz) and then followed this with a variably delayed SC input (5@100 Hz, delay from 0 to 250 ms) (Figure 2A) . If the SC input was delayed by over 150 ms, only single or pairs of bAPs were observed with no sign of plateau potential generation. Strong plateau potential generation was observed, however, when SC input was stimulated within 150 ms of PP input stimulation, and the duration of the plateau potential increased as the delay was decreased ( Figure 2C ). Finally, repetitive, moderate amplitude, (five trains of 5@100 Hz, 0-2 bAPs evoked during entire train) temporally dispersed stimulation (50 ms delay) patterns were very effective in evoking plateau potentials that again increased in duration with train number (first and second, 3.2 ± 0.8 ms; fourth and fifth, 72.5 ± 6.1 ms; n = 5, Figure 2B ).
Impact of Dendritic Plateau Potentials on Action Potential Output
We explored the impact of dendritic plateau potentials on action potential output by performing dual dendrite and soma recordings during simultaneous pathway stimulation ( Figure 3A) . A prominent after-depolarizing potential (ADP) was observed during dendritic plateau potential generation, and this ADP drove high-frequency AP output (interspike interval, 9.5 ± 0.7 ms; n = 12, Figures 3C and 3D) . Importantly, somatic ADP duration was linearly related to dendritic plateau potential duration, strongly implicating the dendritic plateau potential in the generation of the somatic ADP and the resulting burst firing ( Figure 3D ). These results indicate that the sustained depolarization produced by the dendritic plateau arrives at the soma/axon region as a prominent ADP that drives a high frequency burst firing form of AP output.
Ionic Mechanisms of Dendritic Plateau Potentials
What mechanisms are involved in the generation of the dendritic plateau potential? In neocortical pyramidal neurons, bAPs can be involved in the generation of dendritic Ca 2+ plateaus (Larkum et al., 1999; Perez-Garci et al., 2006) . We thus examined the role of bAPs in CA1 neurons by inhibiting soma/axon AP initiation during the combined PP and SC input stimulation through pressure application of TTX to the somatic/axon region of CA1 cells during simultaneous soma and dendrite whole-cell recordings. The application of proximal TTX eliminated AP initiation and completely abolished plateau potentials, indicating the importance of a dendritic summation between EPSPs and bAPs for the generation of dendritic tuft plateau potentials for these moderate levels of synaptic input (plateau duration, control, 33.5 ± 5.6 ms; TTX, 0 ms; n = 12; Figures 3A and 3B). There was no effect of proximal TTX on synaptic input (see Experimental Procedures). We next examined the role that voltage-gated Ca 2+ channels (VGCC) play in plateau generation using various Ca 2+ channel antagonists. The effects of these antagonists on synaptic transmission were limited ( Figure S2 ) and compensated for during the experiments (see Experimental Procedures). As Ca V 1&3 channels are generally implicated in Ca 2+ spiking, we began by bath applying 75-100 mM NiCl and 10 mM Nimodipine. The combined Ca 2+ channel blockade did not significantly decrease plateau duration, indicating a minor role for these channel types in this form of dendritic electrogenesis (duration, 96.9% ± 10% of control; n = 5, Figures 4A and 4F ). In addition, the Ca V 3 type Ca 2+ channel antagonist 10 mM Mibfradil also did not affect plateau properties, further discounting a role for this channel subtype (duration, 106.3% ± 20% of control; n = 5; Figures on distal dendritic plateau properties is in contrast to that previously observed for dendritic Ca 2+ spikes evoked by bAPs during pharmacological blockade of K + channels in these same neurons (Magee and Carruth, 1999) . We next examined the role of Ca V 2.2 by applying 10 mM u-conotoxin GVIA, and again this Ca 2+ channel toxin had virtually no effect on the dendritic plateau potential duration (duration, 102.2% ± 8.8% of control; n = 6; Figures 4B and 4F ). Finally, we bath applied 0.5-0.9 mM SNX-482, a Ca V 2.3 Ca 2+ channel antagonist, and found that it reduced the plateau duration to 35.8% ± 4.6% of control (n = 10).
The above data present a profile where the lack of antagonism by 75-100 mM Ni 2+ and 10 mM
Mibradil suggest that Ca V 3 (T-types) channels are not involved, a lack of effect by 10 mM Nimodipine indicates that Ca V 1 (L-types) are not involved, and a lack of effect of 10 mM Conotoxin GVIA suggests that Ca V 2.2 (N-type) are also not involved, while the strong inhibitory effect of SNX implicates Ca V 2.3 (R-type) VGCCs. This is a somewhat unexpected profile given previous reports of R-type Ca 2+ channel sensitivity to relatively low concentrations of Ni 2+ (Magee and Johnston, 1995 ; but see Sochivko et al., 2002) . There are several potential explanations. One is that the Ca 2+ channels in CA1 pyramidal dendrite tufts, although composed of Ca V 2.3 alpha subunits, have a somewhat lower Ni 2+ sensitivity. Another is that the exact Ni 2+ concentration in the depths of hippocampal slices is lower than the bath applied concentrations. Finally, it is possible that there might be some contribution by other channels that were not directly tested, such as P/Q channels (Arroyo et al., 2003 There may also be some contribution by P/Q types as well. Although SNX-482 did have a significant inhibitory effect on the plateau potential, block was less than complete. Given this and the previous observation that paired synaptic stimuli produced more prolonged plateau potentials than single pathway stimulation plus dendritic depolarization, we next examined the role of NMDA receptors. Bath application of 50 mM D,L-APV reduced plateau duration to 30.7% ± 6.4% of control, giving it as potent an inhibitory effect on dendritic plateau potential generation as any other channel antagonist applied. NMDAR antagonism also completely abolished the plateau potentials evoked by the temporally dispersed PP and SC input protocols shown in Figure 2 (duration of trains 4-5: control, 78.4 ± 9.2 ms; APV, 4.2 ± 0.9 ms; n = 3). Together, these data indicate that the plateau potential generated in the distal dendritic tuft regions of CA1 pyramidal neurons by simultaneous PP and SC synaptic input is primarily mediated by NMDA receptors and putative R-type voltage-gated Ca 2+ channels.
Perforant Path LTP Induction by Plateau Potential Generation
There are numerous reports that action potential bursting is an especially effective form of output for the induction of associative long-term synaptic plasticity in the hippocampus (Fortin and Bronzino, 2001; Pike et al., 1999; Thomas et al., 1998) . Along these lines, we performed experiments to examine the ability of distal dendrite plateau potentials and the burst firing that they generate to induce long-term potentiation (LTP) of the PP input. First, we attempted to induce LTP using moderate PP stimulation alone (0.9 ± 0.1 mV at soma; n = 8; Figure 5B ). At this relatively low level of synaptic stimulation, only three to five low-frequency APs and no burst firing was generated during the induction protocol ( Figure 5A ). This input pattern did not induce any potentiation of the PP input ( Figure 5C ). Subsequent PP stimulation along with simultaneous moderate SC stimulation produced burst firing (4.0 ± 0.4 APs per train; n = 8) with prominent ADPs and induced a large, long-lasting potentiation of the PP EPSP (20.7% ± 6% increase in 10 min; 172.3% ± 39.3% increase 30 min; n = 8; Figures 5B and 5C , red arrow and red trace). This result demonstrates that simultaneous SC and PP input stimulation could induce long-term synaptic changes in the PP input and suggests that dendritic plateau generation and the resultant burst firing are especially effective at inducing synaptic plasticity within the PP input to CA1.
To further examine the role of dendritic plateau generation in PP LTP induction, we gave the same simultaneous SC and PP stimulation protocol while monitoring the electrical activity directly from the distal dendrites ( Figure 6 ). Again, a moderate PP stimulation intensity (2.8 ± 0.1 mV at 300 mm dendrite, which should equal <1 mV amplitude at the soma) was paired with a moderate SC input, and this stimulation protocol effectively induced pronounced plateau potentials (59.2 ± 4.5 ms; n = 10) and a large LTP of PP EPSPs (130.1% ± 30.5% increase; n = 10; Figures 6A, 6D , and 6E). To determine the impact of the SC input in producing the dendritic plateau potential and PP LTP, we replaced the SC input with direct dendritic depolarization of similar amplitude (250 pA for 50 ms produces 15.7 ± 0.5 mV sustained depolarization; n = 4). This pairing protocol, featuring PP stimulation plus distal dendritic depolarization, produced shorter duration plateau potentials (44.8 ± 4.6 ms; n = 4) and was less effective in producing LTP than was the combined PP and SC input protocol (59.2% ± 4.48% increase; n = 4; Figures 6B, 6D , and 6E). In another set of experiments, we reduced PP EPSP amplitude to 33% of conventional dendritic LTP experiments (0.9 ± 0.1 mV) and paired this stimulation with moderate SC input and antidromic stimulation to ensure that AP initiation was comparable. This protocol using smaller PP input failed to generate long-duration dendritic plateau potentials (20.7 ± 3.0 ms; n = 5) and did not induce PP LTP (24.7% ± 7.2% increase; n = 5; Figures 6C-6E ). Together these three sets of experiments show that long-term potentiation of PP input was positively correlated with the plateau duration such that long-duration plateau potentials were most effective in producing LTP of PP input ( Figure 6D ).
Finally, we further examined the role of the dendritic plateau potential in inducing PP LTP by pharmacologically inhibiting the plateau and observing the impact on PP LTP. The standard LTP induction protocol was given in the presence of 30 mM APV, which greatly inhibited dendritic plateau generation (13.5 ± 2.1 ms; n = 7) and completely blocked LTP induction (31.5% ± 16.4% increase; n = 7; Figures 7A, 7C, and 7D). Washing out of APV recovered plateau generation during TBP stimulation (52.8 ± 10.9 ms; n = 7) and successfully induced PP LTP (126.6% ± 31.1% increase; n = 7). Because the NMDAR blockade directly inhibits synaptic Ca 2+ influx as well as inhibiting plateau generation, we performed another set of experiments using the R-type channel blocker (0.9 mM SNX) to shortened the duration of plateau potential (26.3 ± 4.2 ms; n = 4; Figure 7D ). The reduction of the dendritic plateau potential also inhibited LTP induction (16.4% ± 12.7% increase; n = 4; Figure 7B ). We did not observe any SNX effect on PP presynaptic function (EPSP amplitude: 1.6 ± 0.1mV in control versus 1.8 ± 0.2 mV in the presence of SNX; n = 4).
DISCUSSION
These data suggest that coincident input from Schaffer collateral and perforant path synapses summate with bAPs in the distal dendrites of CA1 pyramidal neurons to initiate a relatively slow regenerative potential that is mediated primarily by NMDARs and VGCCs. These distal dendritic plateau potentials promote a distinct shift in the action potential output mode from single spiking to burst firing. Furthermore, the plateau potential itself appears to be remarkably effective at inducing LTP of the distal PP pathway from EC layer III. A similar phenomenon has been reported for LTP of the SC input pathway . Together, these data suggest that properly correlated SC and PP inputs multiplicatively summate in the distal dendrites through the generation of a distal dendritic plateau potential that substantially alters the output firing mode as well as the efficacy of the main synaptic input pathways to CA1 pyramidal neurons.
Dendritic Plateau Potential as Match Signal
The generation of a long-lasting dendritic plateau potential would provide the neuron with a clear intracellular signal that significantly correlated input from the SC and PP pathways has occurred. The burst firing associated with the plateau would further act as a conspicuous output signal from CA1 pyramidal neurons, indicating to downstream regions that there exists a certain level of coactivity among specific entorhinal and CA3 ensembles. While previous reports have suggested that PP showing that moderate levels of isolated PP stimulation failed to induce LTP while combined PP and SC stimulation was highly effective.
stimulation alone can evoke a similar form of dendritic electrogenesis in CA1 pyramidal neurons (Golding et al., 2002; Tsay et al., 2007) , the activation levels required for this are significantly higher than those used here. In the end, the magnitude of the dendritic plateau potential as an intracellular signal and the dramatic switch in output mode and input efficacy associated with it could make the plateau potential one of the more consequential match signals thus far proposed (Remondes and Schuman, 2002; Dudman et al., 2007; Jarsky et al., 2005; Dvorak-Carbone and Schuman, 1999; Ang et al., 2005) .
Comparison to Dendritic Plateau Potentials in Other Neurons
Distal dendritic plateau generation has been previously described for neocortical pyramidal neurons and for CA1 pyramidal neurons under different experimental conditions (Larkum et al., 1999; Magee and Carruth, 1999) . Although there are some significant differences, in each case there appears to be an involvement of both NMDAR and voltage-gated Ca . In all plots stimulus was given at time zero. In all recordings dendrite location was made 300 mm from soma. channels to varying degrees. The previous report in CA1 (Magee and Carruth, 1999) found a larger T-type Ca 2+ channel component to a pharmacologically induced dendritic plateau that was evoked by bAPs and did not involve synaptic input. We assume that the differences in the present report result from the engaging of the distal dendritic tuft regions by the PP input that was absent in the previous report. Also, a recent publication reported similar results as above for distal integration of PP input in mouse CA1 pyramidal neurons, with NMDAR blockade having a larger inhibitory effect on somatic depolarization than various VGCC antagonist (although SNX was not tested) . In layer V neurons, both L-type and R-type currents have also been implicated in the back-propagation activated calcium (BAC) spike firing mechanism of those neurons, and our data here from CA1 pyramidal neurons also suggest a primary involvement of the SNX sensitive R-type channel. Overall, these results suggest that there are similar ionic mechanisms for dendritic plateau potential generation in these different pyramidal neurons, although the degree to which NMDAR are involved appears to be highest in the hippocampal neurons. Given the unique properties of the NMDAR (Spruston et al., 1995; Kampa et al., 2004) , this enhanced NMDA component in CA1 pyramidal neurons may provide them with an increased time window over which pathway interactions can occur as well as play a role in the increase of plateau duration observed during repeated stimulation.
Contrary to current thought (Golding et al., 2002; Mehta, 2004; Remondes and Schuman, 2002; Tsay et al., 2007) , we observed that bAPs do effectively propagate into the tuft regions of CA1 pyramidal neurons as long as they are paired with sufficient distal synaptic input ( Figure S1 ). The boosting of AP backpropagation by moderate levels of distal synaptic input leads to a large amount of summation between the distal EPSPs and the relatively large amplitude bAPs. This summation increases the peak depolarization reached within the distal dendritic regions, enhancing VGCC activation and NMDAR Mg 2+ block relief, greatly facilitating the generation of distal dendrite plateau potentials. Therefore, for moderate levels of synaptic input, bAPs play a critical role in plateau generation. In vivo there appears to be a temporal interaction between single APs and burst firing in CA1 such that AP bursts are less likely to occur during prolonged periods of AP output greater than 10 Hz (Harris et al., 2001 ). The proposed mechanism of this interaction is the frequency-dependent AP backpropagation found in CA1 cells, and our observation that inhibition of bAPs reduced burst generation fits well with this data (Harris et al., 2001) . Interestingly, it appears that under conditions of heavy distal synaptic input, the initiation of local dendritic Na + spikes might play a similar role as bAPs in contributing to the generation of distal plateau potentials (Golding et al., 2002) .
Recently, hyperpolarization activated cation channels (I H ) have been reported to play a role in limiting the duration of PP input to the tuft of CA1 pyramidal neurons . I H has also been reported to counter NMDAR-mediated depolarization in the distal tuft region (stratum lacunosum-moleculare) of CA1 (Otmakhov et al., 2004) . Thus, although we did not directly examine I H involvement, it seems likely that these channels should also play an important role in shaping the plateau potentials that we observed. Finally we have performed these experiments in the absence of inhibitory input, and it is highly likely that distal dendritic inhibitory input will also regulate plateau generation and duration. This may be particularly true with regard to the temporally dispersed form of input used in Figure 2 . In fact, it seems certain that an intricate interplay between bAPs, NMDAR, I H , and GABAR activation will shape tuft plateau potential generation and duration. Future experiments utilizing more natural stimulation techniques are required to examine this important form of distal dendritic integration.
Comparison to Other Studies on PP LTP
We observed here that coincident arrival of both SC and PP inputs to CA1 pyramidal neurons generates a large plateau potential in the dendritic tufts of these cells that was highly effective at inducing long-term potentiation of the PP input. LTP of PP input has been shown previously and has been reported to require NMDAR activation alone or some combination of NMDAR plus VGCC activation (Colbert and Levy, 1992; Doller and Weight, 1985; Golding et al., 2002; Remondes and Schuman, 2002) . We report that either NMDAR or VGCC antagonism can equally inhibit LTP induction. We interpret these data to indicate that our stimulus protocols, which represent relatively moderate input levels, require both NMDAR and VGCC activation because this protocol was dependent on the generation of a dendritic plateau potential for LTP induction. Blockade of either NMDAR or VGCCs inhibited plateau generation and therefore LTP induction. Other studies in neocortical neurons have also reported a role for distal Ca 2+ electrogenesis and burst firing in the induction of LTP at very distal synaptic inputs (Letzkus et al., 2006) . We show that bAPs do effectively propagate into the tuft region of CA1 pyramidal neurons as long as they are paired with appropriately timed and sized synaptic input. In spite of this effective backpropagation, large-amplitude tuft bAPs are not sufficient alone to produce the proper conditions for PP LTP induction. Instead, they participate in the induction of LTP indirectly by facilitating plateau potential generation. This finding suggests that there might be different induction requirements for PP inputs when compared to SC input, where the pairing of bAPs and synaptic input is sufficient to induce LTP (Golding et al., 2002; Magee and Johnston, 1997; Wigstrom et al., 1986) . These results suggest that relatively large and prolonged Ca 2+ signals are required for PP LTP induction and the observed correlation between plateau duration and LTP induction as well as the simultaneous inhibition of both plateau duration and PP LTP by SNX and APV further support this dependence. Finally, the above data confirm that dendritic plateau potentials are highly effective induction mechanisms for long-term plasticity at this synapse and that regulation of plateau duration can indeed modify LTP induction .
Functional Relevance
We report here a multiplicative interaction between temporally overlapping SC and PP input that is mediated by the generation of a dendritic plateau potential and results in burst firing output from CA1 and LTP of PP inputs. Such a multiplicative interaction is frequently a central component in entorhinal/hippocampal models of context-dependent episode retrieval where CA1 pyramidal neurons act as coincidence detectors producing unique signals when there is a strong correlation between CA3 and EC layer III inputs (Hasselmo and Eichenbaum, 2005; Lisman and Grace, 2005) . We propose that the dendritic plateau potential and the burst firing output produced by it could function as the unique match signal hypothesized to occur during context dependent sequence retrieval.
EXPERIMENTAL PROCEDURES
Hippocampal Slice Preparation According to protocols approved by the University of Texas, Austin and HHMI, transverse hippocampal slices (400 mm) were prepared from 8-12-week-old Sprague-Dawley rats as previously described (Losonczy et al., 2008 F is the fluorescence intensity before stimulation, after subtracting autofluorescence, and DF is the change in fluorescence during neuronal activity. The autofluorescence of the tissue was measured in a region of equal size adjacent to the dye-filled neuron. For confocal Ca 2+ imaging experiments, a swept field confocal system in ''slit-scanning'' mode (Prairie Technologies, Middleton WI) was coupled to a NeuroCCD camera (RedShirt Imaging, Decatur, GA) with an 80 3 80 pixel array. Excitation at 488 nm was provided by a fiber-launched argon ion laser (Melles Griot, Carlsbad, CA). Sequential frame rate was 0.5-1 kHz. Two-photon imaging of OGB-6F (100 mM) and Alexa 594 (50 mM) was performed in line-scan mode (200 Hz) using an Ultima scanner (Prairie Technologies, Middleton WI) and 920 nm ultra-fast, pulsed laser light (Chameleon Ultra; Coherent, Auburn, CA, USA). Tissue autofluorescence was not measured in the two-photon experiments.
Pharmacology
Most pharmacological agents were bath applied at the indicated concentrations except for TTX (10 nM), which was pressure-applied through glass pipette positioned near the recorded soma. GABA blockers (SR95531 and CGP55845A) and Ca 2+ channel antagonist (Nimodepine, Mibfradil) were acquired from Tocris (Ellisville, MI). The R-Type channel blocker, SNX-482 was obtained from (Peptides International, Louisville, KY). Other chemicals, including u-contoxin GVIA, were obtained from Sigma (St. Louis, MO). During the application of Ca 2+ channel toxins, we used a reperfusion bath system (2-5 ml total volume) in which the tubing had been precoated by a cytochrome-C-containing solution (1 mg/ml). Given the lack of effect of u-contoxin GVIA on the dendritic plateau potential, we performed a set of positive control experiments where u-conotoxin GVIA was observed to inhibit Ca 2+ transients (25%) in the proximal dendritic trunk region as expected from previous work (Christie et al., 1995) . We determined the impact of toxin application on synaptic input by comparing control level EPSP amplitudes with that recorded during toxin application. Of the applied toxins, only SNX-482 reduced EPSP amplitude and this affect was limited to the SC pathway ( Figure S2 ). The moderate inhibitory effect of SNX-482 on SC input was compensated for by increasing the amplitude of stimulation to the point where peak depolarization during the stimulation train and the latency for first AP initiation was maintained. Although the increased stimulation was able to accurately reproduce the levels of dendritic depolarization by recruiting more fibers, any toxininduced reduction in Prelease would remain. While synaptic facilitation during the train of stimuli appeared to reduce the differences in Prelease, it remains undetermined whether such a presynaptic alteration of SC input could itself directly affect the plateau duration.
Analysis For LTP experiments, the level of potentiation was expressed as percent change in EPSP amplitude ([EPSPtest-EPSPcontrol]/EPSPcontrol). Where applicable, two-way ANOVA followed by either a paired t-test or post hoc test (Dunnett) were performed. p < 0.05 was considered significant.
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